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High-Ni-content  layer-structured  cathode  materials  for  lithium-ion  secondary  batteries  have  high  ca¬ 
pacity  but  they  suffer  from  poor  thermal  stability.  We  studied  the  mechanism  responsible  for  their 
thermal  stability  to  make  them  more  stable.  We  used  X-ray  absorption  fine  structure  (XAFS)  spectra  to 
clarify  the  changes  in  the  oxidation  states  and  the  local  structures  for  each  transition  metal  in 
Lio.2NixMn(i_x)/2CO(i_x)/2C>2  ( x  =  1/3,  0.6,  and  0.8)  at  high  temperature.  The  X-ray  absorption  near  edge 
structure  (XANES)  spectra  indicated  that  the  oxidation  state  of  Ni  and  Co  changed  due  to  heating. 
Although,  pre-edge  of  XANES  spectra  indicated  that  the  occupation  sites  of  Co  ions  changed  from 
octahedral  to  tetrahedral,  Mn  ions  remained  in  the  octahedral  sites  at  high  temperature.  The  extended  X- 
ray  absorption  fine  structure  (EXAFS)  results  supported  the  change  in  the  occupation  sites  of  Co  and  Mn 
ions  due  to  heating.  It  can  be  concluded  that  Co  and  Mn  affected  thermal  stability  of  those  Ni-based 
cathode  materials  differently.  The  Co  ions  migrated  from  octahedral  to  tetrahedral  sites,  and  they  sta¬ 
bly  occupy  tetrahedral  sites.  Hence,  so  the  structural  change  from  spinel  to  rock-salt  is  suppressed.  The 
oxidation  state  of  Mn  is  stable  and  remains  unchanged  in  layer  structure  at  high  temperature. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Automotive  applications  of  lithium-ion  secondary  batteries 
such  as  those  in  plug-in  hybrid  electric  vehicles  (PHEVs)  and 
electric  vehicles  (EVs)  have  recently  started  to  expand.  These 
applications  require  much  higher  energy  density  than  those  in 
other  conventional  applications.  Therefore,  high-capacity  cathode 
materials  such  as  high-Ni-content  layer-structured  cathode  ma¬ 
terials  are  increasingly  attracting  attention  [1—4],  However,  their 
poor  thermal  stability  has  prevented  them  from  being  used  in 
automotive  applications  [5—8].  The  crystal  structure  of  Li1_aNi02 
has  been  reported  to  change  from  layer  to  spinel  and  subse¬ 
quently  rock-salt  as  temperature  increases  in  LH_aNi02  [9—13], 
and  a  similar  transition  occurs  in  Lii_aNiM02  (M:  transition 
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metal)  [14—26].  Furthermore,  the  structure  change  was  accom¬ 
panied  by  the  change  of  the  occupation  sites  for  nickel  ions  [11  — 

13]. 

We  previously  reported  the  relationship  between  change  in  the 
crystal  structure  and  release  of  oxygen  from  cathodes  [26],  In 
particular,  we  found  that  the  crystal  structure  of  Lio.2NixMn(i_X)/ 
2Co(i _x)/202  (x  =  1/3,  0.6,  and  0.8)  changed  from  layer  to  spinel  and 
subsequently  to  rock-salt  at  high  temperature.  Temperature  at 
which  the  phase  transition  decreased  as  the  Ni  content  was 
increased.  Although  Co  and  Mn  substitution  for  Ni  effectively  im¬ 
proves  the  thermal  stability  of  Ni-based  layered  cathode  materials, 
the  effects  of  Co  and  Mn  have  yet  to  be  clarified  in  detail.  In  the 
current  study,  therefore,  we  focused  on  the  oxidation  state  and  the 
local  structure  for  each  transition  metal  when  the  crystal  structure 
changed.  X-ray  absorption  fine  structure  (XAFS)  measurements 
were  carried  out  to  evaluate  these  changes,  and  the  effects  of  Co 
and  Mn  substitution  on  the  thermal  stability  of  Ni-based  layered 
cathode  materials. 
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2.  Experimental 


Three  LiNixMn(i_x)/2Co(i_x)/202  (x  =  1/3,  0.6,  and  0.8)  samples 
were  synthesized  by  using  a  solid  state  reaction.  Stoichiometric 
amounts  of  LiOH,  NiO,  Mn02,  and  C03O4  with  3%  excess  of  LiOH 
were  thoroughly  mixed  and  pressed  into  pellets.  The  pellets  were 
precalcined  in  an  oxygen  atmosphere  at  600  °C  for  10  h  and  then 
ground  and  pressed  into  pellets  again.  They  were  calcined  at 
1000  °C  in  air  for  x  =  1/3,  at  900  °C  in  oxygen  for  x  =  0.6,  and  at 
850  °C  in  oxygen  for  x  =  0.8.  We  also  prepared  Lio.2NixMn(i_xy 
2Co(i_X)/202  (x  =  1/3,  0.6,  and  0.8)  by  applying  electrochemical 
delithiation  to  the  corresponding  cathodes  of  samples  prepared  as 
described  above.  The  cathodes  were  formed  on  aluminum  foil  by 
blade-coating  a  slurry  consisting  of  active  material,  carbon,  poly- 
vinylidene  difluoride  (PVDF)  (85:10:5  wt.%),  and  N-methyl  pyrro- 
lidone  (NMP)  solvent.  They  were  dried,  pressed,  and  cut  in  turn.  The 
delithiated  electrodes  were  prepared  using  test  cells  assembled 
with  one  of  the  cathodes,  an  anode  of  lithium  metal  foil,  a  separator, 
and  a  1  M  UPF6  solution  of  carbonate  solvent  mixture  in  an  argon 
glove  box.  The  cells  were  charged  to  the  prescribed  composition 
(Lio.2NixMn(i_x)/2Co(i_x)/202)  at  a  rate  of  C/20.  After  being  charged, 
the  electrodes  were  washed  with  dimethyl  carbonate  (DMC)  and 
dried.  The  charged  electrode  were  heated  at  150-400  °C  in  an 
argon  atmosphere  for  1  h  to  expose  them  to  anomalous  high 
temperatures  that  might  occur  under  various  unsafe  conditions, 
and  then  cooled  to  room  temperature.  The  lithium  content  before 
and  after  heating  was  analyzed  using  inductively-coupled  plasma 
(1CP).  Cathode  electrodes  before  and  after  heating  at  400  °C  were 
dissolved  in  the  aqua  regalis,  and  their  compositions  analyzed.  X- 
ray  diffraction  (XRD)  measurements  made  with  a  Rigaku  diffrac¬ 
tometer  with  a  graphite  monochromator  and  Cu  I<a  radiation  at 
40  kV  and  40  mA  were  used  to  identify  the  crystal  structures  of 
samples  before  and  after  they  were  heated.  The  diffraction  angles 
were  scanned  from  10  to  70°  using  a  step  scan  method  with  a  0.02° 
step  and  a  counting  time  of  1.5  s  per  step.  X-ray  absorption  fine 
structure  (XAFS)  measurements  clarified  the  oxidation  state  and 
the  local  structure  in  each  transition  metal.  The  Ni,  Co,  and  Mn  K- 
edge  XAFS  spectra  of  the  prepared  samples  were  measured  in 
transmission  mode.  The  measurements  were  carried  out  at  BL-9C, 
Photon  Factory  (PF),  KEK,  Japan  using  a  Si(lll)  double-crystal 
monochromator.  The  oxidation  state  of  each  transition  metal  was 
mainly  evaluated  by  using  X-ray  absorption  near-edge  structure 
(XANES).  The  XANES  spectra  of  samples  were  compared  with  those 
of  the  reference  samples  such  as  transition  metal  oxide  and  lithium 
transition  metal  oxide.  An  extended  X-ray  absorption  fine  structure 
(EXAFS)  was  used  to  analyze  the  local  structure  around  each 
transition  metal.  The  background  was  subtracted  using  an  extrap¬ 
olated  Victoreen-plus-constant  type  function  and  the  EXAFS 
oscillation  x(k)  was  extracted  using  cubic  spline  baseline  functions. 
The  resulting  %(k)  was  weighted  with  k3  ( k :  wave-vector)  to 
compensate  for  the  damping  of  oscillations  with  increasing  k.  The 
data  were  then  Fourier  Transformed  [4,27,28], 

3.  Results  and  discussion 

3.3.  Crystal  structure  of  Li0.2NixMn(1_xj/2Co(i_x)/2O2  (x  =  3/3,  0.6, 
and  0.8)  at  high  temperature 

Our  aim  was  to  precisely  analyze  the  changes  in  the  crystal 
structure  of  Lio.2NixMn(i_X)/2Co(i_X)/202  (x  =  1/3, 0.6,  and  0.8)  due  to 
heating  that  we  had  presented  in  our  previous  study  [26],  Fig.  1 
shows  the  XRD  patterns  of  Lio.2NixMn(i_x)/2Co(i_x)/202  (x  =  1/3, 
0.6,  and  0.8)  at  25  °C  and  heated  at  150-400  °C.  Forx  =  1/3,  layer 
structure  was  maintained  from  25  to  250  °C.  A  new  peak  at  26  =  31° 
appeared  at  300  °C,  and  it  remained  until  400  °C.  This  peak 


indicates  that  the  transition  metal  ions  occupy  tetrahedral  sites  in 
spinel  structure  [11—19].  Above  400  °C,  the  intensity  of  the  peak  at 
26  =  18°  decreased,  and  the  peaks  at  26  =  38, 44  and  64°  shifted  to  a 
smaller  angle.  These  results  are  symptomatic  of  a  change  to  rock- 
salt  structure  [11—19],  This  means  that  transition  metal  ions 
partly  migrated  from  tetrahedral  to  octahedral  sites  in  the  lithium 
layer.  However,  some  of  the  transition  metal  ions  remained  at 
tetrahedral  sites  even  at  400  °C,  because  the  peak  at  26  =  31° 
remained. 

The  XRD  results  for  x  =  0.6  were  similar  to  those  for  x  =  1/3, 
except  at  one  point.  The  change  of  the  peaks  at  26  =  18,  38,  44  and 
64°  was  above  350  °C.  For  x  =  0.8,  a  peak  at  26  =  31°  appeared  at 
temperature  as  low  as  200  °C,  but  the  peak  intensity  decreased 
above  300  °C.  Moreover,  the  intensity  of  the  peaks  at  26  =  18  and 
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Fig.  1.  XRD  patterns  of  Li0.2NixMn(i_X)/2CO(i_X)/2O2  (x  =  1/3,  0.6,  and  0.8)  at  25  °C  and 
heated  at  150-400  °C:  (a)  25  °C,  (b)  150  °C,  (c)  200  °C,  (d)  250  °C,  (e)  300  °C,  (f)  350  °C, 
and  (g)  400  °C. 
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Table  1 


Lithium  content  of  Lio.2NixMn(i_x)/2Co(i_X)/202  (x  = 

1  / 3, 0.6,  and  0.8)  before  and  after 

heating  at  400  °C. 

X 

Lithium  content  in  Lio.2NixMn(i X)/2Co(i X)/2C>2 

Before  heating  (25  °C) 

After  heating  (400  °C) 

1/3 

0.21 

0.21 

0.6 

0.22 

0.22 

0.8 

0.22 

0.22 

37°  decreased  and  those  at  26  =  38,  44,  and  64°  increased  and 
shifted  to  a  smaller  angle.  The  peaks  at  28  =  18,  31,  and  37°  were 
barely  observable  at  400  °C.  These  results  mean  that  for  x  =  0.8, 
transition  metal  ions  migrated  from  octahedral  sites  in  the  transi¬ 
tion  metal  layer  to  tetrahedral  sites  at  lower  temperature  than 
those  for  x  =  1/3  and  0.6.  Furthermore,  for  x  =  0.8,  most  of  the 
transition  metal  ions  migrated  from  tetrahedral  to  octahedral  sites 
in  the  lithium  layer. 

We  summarized  that  the  XRD  results  above  indicated  (i)  some  of 
the  transition  metal  ions  migrated  from  octahedral  to  tetrahedral 
sites  forx  =  1/3  and  0.6;  (ii)  some  of  them  migrated  from  octahedral 
sites  in  the  transition  metal  layer  to  tetrahedral  sites  and  then  to 
octahedral  sites  in  the  lithium  layer  forx  =  0.8;  (iii)  the  temperature 
at  which  the  crystal  structure  changes  decreased  as  the  Co  and  Mn 
content  was  decreased.  However,  details  of  the  effects  of  Co  and  Mn 
were  not  be  evaluated.  Therefore,  the  changes  in  the  oxidation  state 
and  the  local  structure  for  each  transition  metal  due  to  heating 
were  investigated. 

It  was  reported  that  the  crystal  structure  changes  of  the  deli- 
thiated  high-Ni-content  cathodes  were  caused  by  reactions  (1 )  and 
(2)  detailed  below  [9,11—13], 

Li0.2MO2  (Layer) —>0.4[Lio.5Mo5][M]204(Spinel)  +  0.2O2  (1) 

0.4[Lio.5Mo.5][M]204(Spinel)  — >[Li02M]O1  2(Rock-  salt)  +  0.2O2 

(2) 

Since  the  lithium  might  volatilize  at  high  temperature,  the 
lithium  content  before  and  after  heating  was  measured  using  ICP 
analysis.  Table  1  shows  the  lithium  content  in  Lio.2NixMn(i_x)/ 
2Co(i_x)/202  (x  =  1/3,  0.6,  and  0.8)  before  and  after  heating  at 
400  °C,  and  it  indicates  that  the  lithium  content  barely  changed. 
Therefore,  the  crystal  structure  change  follows  formula  (1)  and 
(2).  Table  2  summarizes  compositions,  average  oxidation 
numbers  of  transition  metal  calculated  from  the  stoichiometric 
compositions,  and  occupation  sites  of  transition  metal  for  each 
crystal  structure  according  to  formula  (1)  and  (2).  However,  the 
oxidation  numbers  and  occupation  sites  in  Table  2  are  averages 
for  Ni,  Co,  and  Mn,  all  of  which  seem  to  be  different.  Therefore,  we 
evaluated  the  differences  by  using  XAFS  measurements  on  each 
transition  metal. 


Table  2 

Summary  of  compositions,  average  oxidation  numbers  of  transition  metal  calculated 
from  the  stoichiometric  compositions,  and  occupation  sites  of  transition  metal  for 
each  crystal  structure. 


Crystal 

structure 

Composition 

Average 

oxidation 

number 

Occupation  site 
for  transition  metal 

Layer 

Lin  2  MO? 

3.8 

Octahedral  site 

Spinel 

Lio.2MOi.6 

3 

Octahedral  site, 
tetrahedral  site 

Rock-salt 

Li0.2MO12 

2.2 

Octahedral  site 

Fig.  2.  (a)  Ni,  (b)  Co,  and  (c)  Mn  K-edge  XANES  spectra  of  Lio.2Nio.6Mno.2Coo.2O2 
electrodes  at  25  °C  and  heated  at  150-400  °C, 


3.2.  Change  in  the  oxidation  state  of  Lio.2NixMn(i-x)/2Co(i^X)/202 
(x  =  1/3,  0.6,  and  0.8) 

Fig.  2  shows  the  (a)  Ni,  (b)  Co,  and  (c)  Mn  K-edge  XANES 
spectra  of  Lio.2Nio.6Mno.2Coo.202  electrodes  at  25  °C  and  heated  at 
150-400  °C.  The  spectra  each  have  a  small  pre-edge  peak  and  a 
large  peak.  The  pre-edge  peak  is  associated  with  the  dipole 
forbidden  Is— >3d  electronic  transition.  However,  this  transition  is 
partly  allowed  by  the  hybridization  of  the  3d— 4p  orbital  caused 
by  the  structural  distortion  around  the  central  transition  metal. 
The  main  peak  is  associated  with  the  dipole  allowed  ls^4p 
electronic  transition  [29—31],  The  shift  in  the  energy  of  the 
spectra  and  the  intensity  of  the  pre-edge  are  indicating  the 
oxidation  state  and  the  local  structure  for  the  transition  metal, 
respectively  [4,27—33],  Fig.  2(a)  and  (b)  shows  that  the  XANES 
spectra  of  Ni  and  Co  shifted  to  lower  energies  as  the  temperature 
increased.  These  shifts  indicate  a  decrease  in  the  oxidation 
number  for  transition  metal.  Fig.  2(c)  shows  that  the  absorption 
edge  of  the  XANES  spectra  of  Mn  barely  changed,  and  only  the 
peak  top  energy  shifted  to  the  lower  energy  at  high  temperature. 
Therefore,  the  change  in  the  oxidation  state  of  Mn  might  be  less 
than  those  of  Ni  and  Co.  Next,  the  influence  of  the  transition  metal 
composition  on  the  XANES  spectra  was  investigated.  The  half¬ 
height  energy  was  used  as  an  indicator  of  the  energy  shifts  in 
the  XANES  spectra  [4,27—33],  Fig.  3  summarizes  the  half-height 
energies  from  (a)  Ni,  (b)  Co,  and  (c)  Mn  K-edge  XANES  spectra 
of  Lio.2NixMn{i_x)/2Co(i_x)/202  (x  =  1/3,  0.6,  and  0.8)  electrodes  at 
25  °C  and  heated  at  150-400  °C,  together  with  the  reference 
samples  of  transition  metal  oxide.  Fig.  3(a)  shows  that  the  half¬ 
height  energy  of  Ni  decreased  as  the  temperature  increased.  The 
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Fig.  3.  Summary  of  the  half-height  energies  from  (a)  Ni,  (b)  Co,  and  (c)  Mn  K-edge 
XANES  spectra  of  Lio.2NixMn(1_x)pCO(1_x)/202  (x  =  1/3,  0.6,  and  0.8)  electrodes  at  25  °C 
and  heated  at  150-400  °C,  together  with  the  reference  samples. 


difference  in  the  half-height  energy  of  the  all  samples  was  small 
from  25  to  250  °C.  On  the  other  hand,  the  half-height  energy  of  Ni 
at  300  °C  decreased  as  the  Ni  content  increased.  This  is  the  same 
tendency  as  the  crystal  structure  change  shown  in  Fig.  1.  Fig.  3(b) 
shows  that  the  half-height  energy  of  Co  decreased  as  the  tem¬ 
perature  increased  regardless  of  the  transition  metal  composition. 
Fig.  3(c)  shows  that  the  change  of  the  half-height  energy  for  Mn  in 
all  the  samples  from  25  to  400  °C  was  less  than  those  of  Ni  and  Co. 
This  indicates  that  the  stability  of  the  high  oxidation  state  for  Mn 
was  higher  than  those  of  Ni  and  Co.  This  might  be  contributed  to 


that  a  high  oxidation  state,  Mn4+,  is  more  stable  than  Mn3+ 
and  Mn2+. 

Next,  pre-edge  spectra  were  evaluated.  Pre-edge  spectra  of  the 
XANES  spectra  are  related  to  the  distortion  around  the  central 
transition  metal  in  the  octahedron  and  the  occupation  site  of 
transition  metal  [29—31  .  It  has  been  reported  that  the  intensity  of 
the  pre-edge  peak  is  stronger  when  transition  metal  ions  occupy 
tetrahedral  sites  than  when  they  occupy  octahedral  sites  [29—31], 
The  intensities  of  the  pre-edge  spectra  of  samples  heated  at 
150-400  °C  were  compared  with  those  of  samples  at  25  °C.  Fig.  4 
summarizes  the  pre-edge  intensities  of  (a)  Ni,  (b)  Co,  and  (c)  Mn 
K-edge  XANES  spectra  of  Lio.2NixMn(i_X)/2Co(i_X)/202  (x  =  1/3,  0.6, 
and  0.8)  electrodes  at  25  °C  and  heated  at  150-400  °C.  Fig.  4(a) 
shows  that  the  pre-edge  intensities  of  Ni  for  all  samples  barely 
changed  from  25  to  200  °C,  but  they  decreased  from  250  to  400  °C. 
Fig.  4(b)  shows  that  the  pre-edge  intensities  of  Co  for  x  =  1/3  and 
x  =  0.6  increased  above  300  and  200  °C,  respectively.  On  the  other 
hand,  for  x  =  0.8,  the  pre-edge  intensity  of  Co  was  strong  from  200 
to  250  °C,  but  it  decreased  above  300  °C.  Fig.  4(c)  shows  that  the 
pre-edge  intensities  of  Mn  for  all  spectra  changed  less  than  those  of 
Co.  The  XRD  results  shown  in  Fig.  1  indicated  that  for  x  =  1/3  and 
0.6,  some  of  the  transition  metal  ions  occupied  tetrahedral  sites  at 
high  temperature.  For  x  =  0.8,  they  migrated  to  tetrahedral  sites 
below  200  °C  and  then  to  octahedral  sites  as  the  temperature 
increased.  Since  only  the  pre-edge  intensity  of  Co  increased  as  the 
temperature  increased,  Co  ions  might  have  migrated  from  octa¬ 
hedral  to  tetrahedral  sites  for  all  samples.  In  addition,  they 
migrated  from  tetrahedral  to  octahedral  sites  in  high  Ni  content 
materials. 

On  the  other  hand,  pre-edge  spectra  shows  that  Ni  and  Mn  ions 
did  not  occupy  tetrahedral  sites.  However,  since  the  crystal  struc¬ 
ture  changed  from  layer  to  spinel  and  then  to  rock-salt  in  the  high 
Ni  content  cathode,  Ni  ions  migrated  from  octahedral  sites  in 
the  transition  metal  layer  to  octahedral  sites  in  the  lithium  layer 
[11-13], 

Although,  in  going  from  the  transition  metal  layer  to  the  lithium 
layer,  they  might  have  gone  through  tetrahedral  sites,  because  this 
pathway  is  energetically  stable  [30,34],  it  did  not  occupy  these  sites, 
since  Ni  ions  at  tetrahedral  site  is  unstable  [11,17].  Therefore,  it 
could  not  have  occupied  tetrahedral  sites.  It  can  be  concluded  that 
they  easily  migrated  to  octahedral  sites  when  the  samples  were 
heated. 

We  summarized  that  the  results  of  the  energy  shift  and  pre¬ 
edge  intensity  from  XANES  spectra  indicated  (i)  the  oxidation 
states  of  Ni  and  Co  were  more  changeable  than  that  of  Mn  at  high 
temperature,  (ii)  Nickel  ions  migrated  from  octahedral  sites  in 
the  transition  metal  layer  to  octahedral  sites  in  the  lithium  layer 
through  tetrahedral  sites,  (iii)  Cobalt  ions  migrated  from  octa¬ 
hedral  to  tetrahedral  sites  due  to  heating.  In  addition,  they 
migrated  from  tetrahedral  to  octahedral  sites  in  high  Ni  content 
materials,  (iv)  Manganese  ions  occupied  octahedral  sites  at  high 
temperature.  Next,  EXAFS  analysis  is  applied  to  evaluate  this 
mechanism. 

3.3.  Change  in  the  local  structure  of  Lio.2NixMn(i-x)/2Co(j^X)/202 
(x  =  1/3.  0.6,  and  0.8) 

Fig.  5  shows  the  Fourier  Transforms  of  (a)  Ni,  (b)  Co,  and  (c)  Mn 
K-edge  EXAFS  spectra  of  Lio.2Nio.6Mno.2Coo.2O2  electrodes  at  25  °C 
and  heated  at  150-400  °C.  The  first  and  second  peaks  at  around  1.5 
and  2.5  A  correspond  to  transition  metal-oxygen  and  transition 
metal-transition  metal  interactions  [4,27,28].  We  focus  on  the 
oxidation  state  and  the  local  structure  for  each  transition  metal  in 
each  crystal  structure,  so  we  analyzed  the  change  in  the  first  peak 
around  1.5  A. 
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Fig.  4.  Normalized  pre-edge  intensities  of  (a)  Ni,  (b)  Co,  and  (c)  Mn  K-edge  XANES 
spectra  of  Lio^NixMiyi  X)/2CO(i  *j/202  (x  =  1/3,  0.6,  and  0.8)  electrodes  at  25  °C  and 
heated  at  150-400  °C. 


3.3.1.  FT  magnitude 

The  FT  magnitude  of  M— O  (M:  metal)  in  all  the  transition  metals 
changed  due  to  heating.  The  decrease  in  the  FT  magnitude  is  related 
to  an  increase  in  the  Debye— Waller  factor  and  a  decrease  in  the 
coordination  number.  The  FT  magnitude  of  Co— O  and  Mn— O 
decreased  at  high  temperature.  On  the  other  hand,  the  FT  magni¬ 
tude  of  Ni— O  decreased  from  25  to  250  °C,  but  increased  from  250 


to  400  °C.  The  change  in  the  FT  magnitude  of  Co— O  might  be  related 
to  that  of  the  Debye— Waller  factor  and  the  coordination  number, 
since  the  occupation  site  of  Co  changed  at  high  temperature.  The 
occupation  site  of  Mn  did  not  change,  so  the  change  in  the  FT 
magnitude  of  Mn— O  might  be  related  to  the  Debye— Waller  factor. 
The  change  in  the  FT  magnitude  of  Ni— O  was  different  from  those 
of  Co— O  and  Mn— O.  The  oxidation  number  of  Ni  at  25  °C  is  around 
3.8+  (Table  2).  The  XANES  spectra  indicated  the  oxidation  number 
of  Ni  decreased  as  the  temperature  increased.  When  the  oxidation 
state  of  Ni  was  3+,  the  Jahn— Teller  effect  caused  there  to  be  four 
short  Ni— O  distances  and  two  long  Ni— O  distances,  which 
decreased  the  FT  magnitude  of  Ni— O  [35—38],  As  the  oxidation 
state  of  Ni  got  closer  to  2+,  the  Jahn— Teller  effect  decreased,  and  so 
the  FT  magnitude  probably  increased. 


3.3.2.  Radial  distance 

Fig.  6  summarizes  the  radial  distances  of  (a)  Ni,  (b)  Co,  and  (c) 
Mn  of  Lio.2NixMn(i_x)/2Co(i_x)/202  (x  =  1/3,  0.6,  and  0.8)  electrodes 
at  25  °C  and  heated  at  150-400  °C.  Fig.  6(a)  shows  that  the  radial 
distance  of  Ni  for  all  the  samples  increased  as  the  temperature 
increased.  The  difference  in  the  radial  distance  was  small  from  25 
to  250  °C  for  all  samples.  On  the  other  hand,  the  radial  distance  of 
Ni  for  x  =  0.8  was  larger  than  those  of  x  =  1  /3  and  x  =  0.6  at  300  °C. 
These  were  the  same  tendency  as  the  result  of  the  half-height 
energy  in  Fig.  3(a)  shows  the  same  tendency.  This  shows  that 
the  oxidation  number  of  Ni  decreased  and  radial  distance  of  Ni 
increased  at  high  temperature.  The  change  for  x  =  0.8  is  occurred 
at  lower  temperature  than  those  for  x  =  1/3  and  x  =  0.6.  Fig.  6(b) 


Fig.  5.  Fourier  Transforms  of  (a)  Ni,  (b)  Co,  and  (c)  Mn  K-edge  EXAFS  spectra  of 
Lio.2Nio.6Mno.2Coo.2O2  electrodes  at  25  °C  and  heated  at  150-400  °C. 
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Fig.  6.  Summary  of  the  radial  distances  of  (a)Ni,  (b)Co,  and  {c)Mn  of  LiojNi^Mnn  xy 
2Co(1_xy202  (x  --  1/3,  0.6,  and  0.8)  electrodes  at  25  °C  and  heated  at  150-400  °C. 


oxidation  number  of  Co  for  x  =  1  /3  and  x  =  0.6.  On  the  other  hand, 
for  x  =  0.8,  the  radial  distance  of  Co  substantially  increased  above 
300  °C.  This  increase  is  related  to  the  difference  in  the  ionic  radius 
of  Co2+  at  the  tetrahedral  site  (0.58  A)  and  at  the  octahedral  site 
(0.65  A)  [39],  These  results  supported  the  change  of  the  occupa¬ 
tion  sites  for  Co  ions  from  octahedral  to  tetrahedral  for  x  =  1  /3  and 
x  =  0.6,  and  from  octahedral  to  tetrahedral  then  to  octahedral  for 
x  =  0.8.  Fig.  6(c)  shows  that  the  radial  distance  of  Mn  slightly 
changed  due  to  heating.  This  result  is  the  same  tendency  as  the 
results  of  the  half-height  energy  shown  in  Fig.  3(c).  It  can  be 
concluded  that  the  EXAFS  analysis  indicated  (i)  the  radial  distance 
of  Ni  increased  because  of  increase  in  the  ionic  radius  of  all  of  the 
samples,  (ii)  The  change  in  the  radial  distance  of  Co  at  high  tem¬ 
perature  varied  with  the  transition  metal  composition.  The 
changes  for  x  =  1  / 3  and  x  =  0.6  were  less  than  that  for  x  =  0.8.  This 
difference  is  related  to  that  Co  ions  migrated  from  tetrahedral  to 
octahedral  sites  only  for  x  =  0.8.  (iii)  The  change  in  the  radial 
distance  of  Mn  at  high  temperature  was  less  than  that  of  Ni.  If  the 
substituted  content  of  Co  and  Mn  was  above  20%,  Co  ions  occupied 
tetrahedral  sites  even  at  400  °C.  However,  if  the  substitution 
content  was  10%,  Co  ions  migrated  from  tetrahedral  to  octahedral 
sites  above  300  °C,  and  the  crystal  structure  changed  from  spinel 
to  rock-salt.  The  XAFS  measurements  evaluated  the  oxidation 
state  and  the  local  structure  for  each  transition  metal.  The 
oxidation  state  and  occupation  site  differed  for  each  transition 
metal.  It  is  known  that  Co  and/or  Mn  substitution  improves  the 
thermal  stability  of  Ni-based  cathode  materials.  However,  the  ef¬ 
fects  of  Co  and  Mn  are  different.  Cobalt  does  not  stabilize  layer 
structure,  and  then  the  crystal  structure  changes  from  layer  to 
spinel  due  to  heating.  However,  Co  ions  can  occupy  tetrahedral 
sites,  so  they  stabilize  spinel  structure  and  suppress  the  change  to 
rock-salt  structure.  On  the  other  hand,  the  oxidation  state  of  Mn 
changed  less  than  those  of  Ni  and  Co  at  high  temperature.  It  sta¬ 
bilizes  layer  structure.  Therefore,  Mn  is  more  effective  for  thermal 
stability  than  Co. 


4.  Conclusions 

The  effect  of  Co  and  Mn  for  the  thermal  stability  in 
Lio.2NixMn(i_X)/2Co(i_xy202  (x  =  1/3,  0.6,  and  0.8)  was  investigated. 
XAFS  measurements  clarified  that  the  change  of  the  oxidation  state 
and  the  occupation  site  for  each  transition  metal.  Since  Co  ions 
stably  occupy  tetrahedral  sites,  the  crystal  structure  change  from 
spinel  to  rock-salt  was  suppressed.  However,  this  suppressive  effect 
was  small  if  the  Co  content  was  low  (10%). 

The  oxidation  state  of  Mn  was  stable,  and  the  occupation  site  of 
Mn  did  not  change  at  high  temperature.  Thus,  Mn  effectively  pre¬ 
vented  the  crystal  structure  from  layer  to  spinel.  The  results  of  this 
study  show  that  elemental  substitution  improves  the  thermal  sta¬ 
bility  of  Ni-based  cathode  materials,  but  the  effects  differ  for 
each  element.  Furthermore,  the  effect  is  also  influenced  by  the 
content  of  Ni. 


shows  that  the  radial  distances  of  the  samples  were  almost  the 
same  from  25  to  250  °C.  However,  the  radial  distance  of  Co  for 
x  =  0.8  became  larger  than  those  of  x  =  1/3  and  x  =  0.6  above 
300  °C.  The  XRD  and  pre-edge  intensity  of  Co  K-edge  XANES 
spectra  of  all  the  samples  showed  that  Co  ions  migrated  from 
octahedral  to  tetrahedral  sites  as  a  result  of  heating.  Furthermore, 
only  for  x  =  0.8,  Co  ions  moved  from  tetrahedral  to  octahedral  sites 
above  300  °C.  Since  the  ionic  radius  of  Co3+  at  octahedral  site 
(0.545  A)  is  close  to  that  of  Co2+  at  tetrahedral  site  (0.58  A),  radial 
distance  of  Co  slightly  changed  despite  the  decrease  in  the 
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